The post-transcriptional gene silencing in animals and plants is called RNA interference (RNAi). Guides for the sequence-speci®c degradation of mRNA are 21-nt small interfering RNAs (siRNAs) that are generated by Dicer-dependent cleavage from longer double-stranded RNAs (dsRNAs). To examine the relationship between the localization of dsRNA and the target cleavage of RNAi in human cells, we constructed ®ve kinds of dsRNA expression vector that were controlled by tRNA Val or U6 promoter. Transcripts of tRNA-dsRNA were consistently localized in the cytoplasm and were ef®ciently processed by Dicer. In contrast, transcripts of tRNAdsRNA were not processed in cells that expressed Dicer-directed ribozymes. In addition, transcripts of U6-dsRNA were basically localized in the nucleus and were not signi®cantly processed, unless the transcripts of U6-dsRNAs possessed a microRNAbased loop motif: in the latter case, U6-dsRNAs with a microRNA-based loop were transported to the cytoplasm and were effectively processed. Moreover, tRNA-dsRNA directed against a mutant k-ras transcript cleaved its target mRNA ef®ciently in assays of RNAi not only in vitro with a cytoplasmic extract but also in vivo. Therefore, it appears that RNAi in human cells occur in the cytoplasm. Importantly, the same tRNA-dsRNA did not affect the degradation of the normal k-ras mRNA in vitro and in vivo. Our tRNA-dsRNA technology should be a powerful tool for studies of the mechanism of RNAi and the functions of various genes in mammalian cells with potential utility as a therapeutic agent.
INTRODUCTION
RNA interferance (RNAi) is a process in which double-strand RNA (dsRNA) induces a sequence-dependent degradation of a cognate mRNA (1, 2) . The natural roles of RNAi might include defense against viral infection (3±7) and regulation of the expression of cellular genes (8, 9) . Genetic and biological studies have revealed that RNAi is a very complex process that involves many different proteins with mostly unidenti®ed functions (3±11).
It has been demonstrated in vitro that dsRNA targets mRNA for cleavage in lysates of early Drosophila embryos and in extracts of cultured Drosophila S2 cells (12±14), and such reactions in vitro require ATP (14) . The molecular basis for the requirement for ATP is due, in part, to a requirement for ATP in the initial processing of long dsRNA into the 21±25-nt small interfering RNAs (siRNAs) that serve as guides for targeted cleavage (14±18).
Recent studies with synthetic RNA duplexes demonstrated that the siRNA duplex must have 2-or 3-nt overhanging 3¢-ends for ef®cient cleavage of its target (16) . Such 3¢ overhangs are characteristic of the products of cleavage reactions catalyzed by RNase III, and, in cultured Drosophila S2 cells, cleavage of dsRNA into siRNAs requires a multidomain RNase III, known as Dicer (17) . Subsequently, siRNAs seem to associate with a multicomponent nuclease, identi®ed in Drosophila and designated RNAi-induced silencing complex (RISC), and then they guide this enzyme so that it catalyzes the sequence-speci®c degradation of mRNA (13, 17, 19) .
RNAi provides a method for inactivating genes of interest and, thus, provides a powerful tool for studies of gene function in Caenorhabditis elegans, Drosophila melanogaster and plants. Speci®c inhibition of gene expression also can be achieved by the stable or inducible expression of dsRNA in animals and plants (11) . Inactivation of genes by dsRNA has been achieved in mouse embryonal carcinoma (EC) cells and embryonic stem (ES) cells (20, 21) , but elicitation of RNAi using long dsRNAs has generally been less successful in cultured mammalian cells. Such failures can be explained most readily by the activation of dsRNA-dependent protein kinase (PKR) and 2¢,5¢-oligoadenylate synthetase (2¢,5¢-AS) which are activated by long dsRNA (>30 bp; 22, 23) .
It was reported recently that 21-nt synthetic siRNAs (24) and siRNAs that were transcribed by U6 or H1 promoter (25±32) speci®cally suppressed the expression of endogenous genes in several lines of mammalian cells. These 21-nt siRNA duplexes were able to evade non-speci®c reduction of mRNAs and these ®ndings suggested that RNAi or an RNAi-related system might exist in mammals. Some mammalian homologs of RNAi-associated proteins, such as Dicer, eIF2C2 and WRN have, indeed, been identi®ed (17,33±36). However, details of the characteristics and mechanisms of RNAi in human somatic cells remain to be determined.
In this study, we constructed ®ve kinds of dsRNA expression vectors that were controlled by tRNA Val or widely used U6 promoter in order to examine the relationship between the localization and a target cleavage of RNAi in mammalian cells. Transcripts of tRNA-dsRNA were localized in the cytoplasm and were processed ef®ciently by Dicer. In addition, a mutant k-ras-directed tRNA-dsRNA ef®ciently cleaved the targeted mRNA in vitro and in vivo. In contrast, the tRNA-dsRNA did not affect the expression of normal k-ras in HeLa cells. Therefore, these results indicated that RNAi in mammalian cells occurred in the cytoplasm and our tRNA-dsRNA expression system should be a powerful tool for studying mechanism of RNAi and other gene functions in mammalian cells with potential utility as a therapeutic agent.
MATERIALS AND METHODS

Culture and transfection of cells
SW480 human colon cancer cells were cultured in L-15 medium (ICN Biomedicals, Inc., OH) supplemented with 10% fetal bovine serum (FBS). HeLa cells were cultured in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% FBS. Transfections were performed with the EffectinÔ reagent (QIAGEN, Hilden, Germany) according to the manufacturer's protocol. dsRNA-expressing SW480 and dsRNA-expressing HeLa cells were selected by incubation with puromycin for two weeks.
Construction of dsRNA expression plasmids
To construct vectors for expression of tRNA-dsRNA, we used the pPUR-tRNA plasmid that includes the chemically synthesized promoter for a human gene for tRNA Val (37) between the EcoRI and BamHI sites of pPUR (Clontech, CA). Chemically synthesized oligonucleotides encoding mutant kras-directed dsRNA that included loop 1 (5¢-GAG CTC GGT AGT TGG AGC TGT TGG CGT AGG CAA GAG AAA ATC TTG CCT ACG CCA ACA GCT CCA ACT ACC GGT ACC-3¢) were ampli®ed as double-stranded sequences by PCR. After digestion with SacI and KpnI, the fragments were cloned downstream of the promoter of the tRNA gene in pPURtRNA. The construction of vectors for expression of dsRNA from the mouse U6 promoter has been described elsewhere (38, 39) except for the insertion step of dsRNA sequences. Chemically synthesized oligonucleotides encoding k-rasdirected dsRNA that included loop 1 (5¢-GAA TTC GGT AGT TGG AGC TGT TGG CGT AGG CAA GAG AAA ATC TTG CCT ACG CCA ACA GCT CCA ACT ACC TCT AGA-3¢) or loop 2 (5¢-GAA TTC GGT AGT TGG AGC TGT TGG CGT AGG CAA GAC TTC CTG TCA TCT TGC CTA CGC CAA CAG CTC CAA CTA CCC TCG AG-3¢) were ampli®ed as double-stranded sequences by PCR with speci®c up primer and down primer which contained EcoRI and XhoI linker sequences, respectively. After digestion with EcoRI and XhoI, the fragments were cloned downstream of the promoter of the mouse U6 gene. In the case of a human U6 promoter, we used pUC-hU6 (40) . Chemically synthesized oligonucleotides encoding k-ras-directed dsRNA that included loop 1 (5¢-GTC GAC GGT AGT TGG AGC TGT TGG CGT AGG CAA GAG AAA ATC TTG CCT ACG CCA ACA GCT CCA ACT ACC TCT AGA-3¢) or loop 2 (5¢-GTC GAC GGT AGT TGG AGC TGT TGG CGT AGG CAA GAC TTC CTG TCA TCT TGC CTA CGC CAA CAG CTC CAA CTA CCT CTA GA-3¢) were ampli®ed as double-stranded sequences by PCR with speci®c up primer and down primer which contained SalI and XbaI linker sequences, respectively. After digestion with SalI and XbaI, the fragments were cloned downstream of the promoter of the human U6 gene.
Construction of Dicer-directed ribozyme expression plasmids
Chemically synthesized oligonucleotides encoding Dicerdirected ribozyme sequence (5¢-TCC CCG GTT CGA AAC CGG GCA CTA CAA AAA CCA ACT TTC AAA GAA AGC TGA TGA GGC CGA AAG GCC GAA ACC CAT TGG GGT ACC CCG GAT ATC TTT TTT-3¢) with a pol III termination sequence (TTTTTT) were converted to double-stranded DNAs by PCR. After digestion with Csp45I and PstI, the fragments were cloned downstream of the tRNA promoter of pUC-dt (37, 41, 42) . To generate poly(A)-connected ribozyme, we inserted a poly(A) sequence of 100 nt between the ribozyme and the pol III termination sequence (42±45).
Preparation of the nuclear fraction and the cytoplasmic fraction of cells SW480 or HeLa cells were grown to~5 Q 10 6 cells and were transfected with a tRNA-dsRNA or U6-dsRNA expression vector with the EffectinÔ reagent (QIAGEN). Thirty-six hours after transfection, cells were harvested. For the preparation of the cytoplasmic fraction, collected cells were washed twice with PBS and then resuspended in digitonin lysis buffer (50 mM HEPES/KOH, pH 7.5, 50 mM potassium acetate, 8 mM MgCl 2 , 2 mM EGTA and 50 mg/ml digitonin) on ice for 10 min. The lysate was centrifuged at 1000Q g and the supernatant was collected as the cytoplasmic fraction. The pellets were resuspended in NP-40 lysis buffer (20 mM Tris±HCl, pH 7.5, 50 mM KCl, 10 mM NaCl, 1 mM EDTA and 0.5% NP-40) and held on ice for 10 min and the resultant lysate was used as the nuclear fraction.
Northern blot analysis
Cytoplasmic RNA and nuclear RNA were extracted and puri®ed from the cytoplasmic fraction and the nuclear fraction, respectively, with ISOGEN reagent (Wako, Osaka, Japan). Thirty micrograms of total RNA per lane were loaded on a 15% polyacrylamide gel. After electrophoresis, bands of RNA were transferred to a Hybond-NÔ nylon membrane (Amersham Co., Buckinghamshire, UK). The membrane was probed with synthetic oligonucleotides that were complementary to the sequences of the k-ras gene. The synthetic probe was 32 P-labeled by T4 polynucleotide kinase (Takara Shuzo Co., Kyoto, Japan).
RT±PCR analysis
RT±PCR was performed using an RNA PCR Kit ver. 2 (Takara, Kyoto, Japan) with dicer upstream (nucleotides 1±24) and downstream (nucleotides 435±459) primers or GADPH upstream (nucleotides 230±254) and downstream (nucleotides 442±466) primers as a control. The products of PCR were analyzed by electrophoresis on a 2% agarose gel.
Western blot analysis
SW480 or HeLa cells that had been transfected with individual dsRNA-expression vectors were harvested. Proteins were resolved by SDS±PAGE (10% polyacrylamide) and transferred to a polyvinylidene di¯uoride (PVDF) membrane (Funakoshi Co., Tokyo, Japan) by electroblotting. Immune complexes were visualized with ECL kit (Amersham Co., Buckinghamshire, UK) using speci®c polyclonal antibodies against K-Ras (UBI, CA) and Actin (Santa Cruz, CA).
Assay of RNAi in vitro
For cleavage of a target RNA, we synthesized a mutant k-ras template DNA (70 nt) and a normal k-ras template DNA (70 nt) using an automated DNA synthesizer. For preparation of k-ras mRNA substrates, we ampli®ed template DNAs by PCR using a k-ras-speci®c up primer that included the T7 promoter sequence and a k-ras-speci®c down primer. The ampli®ed k-ras DNA templates were transcribed by T7 polymerase. Transcribed normal and mutant k-ras mRNA substrates were puri®ed by PAGE. These mRNAs were 32 P-labeled by T4 polynucleotide kinase. For detection of the cleavage of the target mRNA, target mRNA (5±10 nM) was incubated with a lysate of SW480 cells that expressed tRNAdsRNA under standard conditions (14) for 2 h at 25°C. In the case of siRNA targeted to k-ras mRNA, 100 nM siRNA was incubated with target RNA (5±10 nM) in a lysate of SW480 cells under standard conditions (14) for 2 h at 25°C.
Detection of rates of cell proliferation
The rate of proliferation of each line of cells was measured with a Cell Proliferation Kit II (Roche Ltd, Switzerland) according to the manufacturer's instructions.
RESULTS
Construction of two kinds of dsRNA-expression plasmid with pol III promoters
It has not yet been determined whether a long dsRNA is processed by Dicer in the nucleus or the cytoplasm. Therefore, we used two kinds of pol III promoter (the promoter of a gene for human tRNA Val , and mouse U6 or human U6 promoter) for expression of dsRNAs in mammalian cells. If designed appropriately, transcripts generated with the promoter of a human gene for tRNA Val are transported ef®ciently to the cytoplasm and we demonstrated previously that the cytoplasmic localization was important in improving ribozyme activities in vivo (41, 46, 47) . In contrast, small RNAs transcribed under the control of the U6 promoter remained localized in the nucleus (37) . Thus, we attached the gene for dsRNA (an extended stem±loop RNA; Fig. 1A ) to the 3¢ end of the promoter of a gene for tRNA Val (tRNA-dsRNA), to the 3¢ end of the mouse U6 promoter (mU6-dsRNA) or to the 3¢ end of the human U6 promoter (hU6-dsRNA).
We constructed dsRNA expression plasmids targeted to the mRNA for a mutant of K-Ras with a point mutation in codon 12 of the k-ras gene (Fig. 1B) . The length of the doublestranded region within the dsRNA was kept at 29 bp because long dsRNAs (>30mers) induce non-speci®c reduction of mRNAs (22, 23) . In the case of U6-based constructs, we used two kinds of loop motif for stem±loop RNAs. One is a loop motif that consists of 5 nt (5¢-GAAAA-3¢), namely Loop 1 (Fig. 1A) . The other is a microRNA (human mir-23; 48) loop motif, namely Loop 2 (Fig. 1A) . It is believed that precursor microRNAs are transported to the cytoplasm and the processed microRNAs act post-transcriptional gene silencing (48±54).
dsRNA transcribed under the control of the tRNA Val promoter was processed by a Dicer-complex in the cytoplasm In RNAi, long dsRNAs are ®rst processed to short RNA duplexes of predominantly 21 and 22 nt in length and with staggered 3¢ ends in an RNase III-like reaction (17) . To examine whether tRNA-dsRNA and U6-dsRNA might be processed by an RNase III complex in mammalian cells, we performed northern blotting analysis with a k-ras mRNAspeci®c probe. SW480 cells were transfected with plasmids that encoded dsRNA under the control of the tRNA Val or U6 promoter. Forty-eight hours after transfection, cells were collected and separated into cytoplasmic and nuclear fractions. Total RNA in each fraction was isolated and fractionated on a 15% polyacrylamide gel. As shown in Figure 2 , in cells that expressed tRNA-dsRNA, processed siRNAs were detected in the cytoplasmic fraction and not in the nuclear fraction. Moreover, the sequences of processed siRNAs were con®rmed by cloning and sequencing of the siRNAs (data not shown). In contrast, in cells that expressed either mU6-or hU6-dsRNA (Loop 1), predominantly unprocessed precursor dsRNAs were detected in the nucleus and the nuclear fraction contained very little siRNAs in cells that expressed either mU6-or hU6-dsRNA (Loop 1). However, mU6-dsRNAs (Loop 2) and hU6-dsRNAs (Loop 2) were transported to the cytoplasm and were processed ef®ciently (Fig. 2) . A mammalian Dicer has been detected mostly in the cytoplasm by immunostaining in situ (20) , so it seems likely that tRNA-dsRNA, mU6-dsRNAs (Loop 2) and hU6-dsRNAs (Loop 2) that had been transported to the cytoplasm were processed by the Dicer-like RNase III complex.
To con®rm whether tRNA-dsRNAs are processed by Dicer, we constructed a poly(A)-connected Dicer-directed ribozyme (Dicer-RzA100) expression plasmid (42±44). Then this plasmid was introduced into HeLa cells stably. Stable cell lines were obtained by neomycin selection. Next, to examine suppression of expression of dicer gene by Dicer-RzA100, we performed the RT±PCR analysis with speci®c primers for dicer mRNA. As shown in Figure 3A , the level of dicer mRNA in cells that expressed Dicer-RzA100 was reduced compared with that in WT-HeLa cells. The level of GADPH mRNA as a control did not alter in both cell lines. These results indicated that the Dicer-RzA100 cleaved dicer mRNAs speci®cally.
To examine whether reduction of Dicer affects the processing of the tRNA-dsRNA, we performed northern blot analysis using total RNAs from cells that expressed the tRNAdsRNA. As shown in Figure 3B , in the case of a total RNA from cells that expressed the Dicer-RzA100, siRNAs that are generated from tRNA-dsRNAs were not observed in both nucleus and cytoplasm. Therefore, these results suggest that tRNA-dsRNAs are processed by Dicer in the cytoplasm. In contrast, reduction of Dicer did not affect processing of mU6-dsRNA (Loop 1). Thus, it is possible that the processing of mU6-dsRNA (Loop 1) is dealt with another RNase III-like enzyme.
Degradation of target mRNA in vitro in a cell extract that contained tRNA-dsRNA, U6-dsRNA or synthetic siRNAs
To examine the cell compartment in which degradation of a target mRNA by dsRNA-mediated gene silencing occurs, we performed assays of RNAi in vitro using cell extracts that contained transcripts of tRNA-dsRNA. In these assays, we used mutant and normal k-ras partial mRNAs, which had been transcribed in vitro by T7 polymerase, as substrates. For cleavage of the target mRNA, each substrate was incubated for 2 h at 25°C with an extract of SW480 cells that had been transfected with the tRNA-dsRNA expression vector. The 5¢-cleavage products were resolved on sequencing gels. As shown in Figure 4A , the mutant k-ras mRNA substrate was cleaved in the cytoplasmic fraction of cell extracts that contained tRNA-dsRNA (lane 4). In contrast, in the nuclear fraction of the cell extracts, the substrate was not cleaved (lane 3). These results support the earlier reports that the RISC is included in a ribosomal fraction (14, 17, 19) .
In contrast to these results, in the case of the normal k-ras mRNA substrate, signi®cantly smaller amounts of 5¢-cleavage products were detected and these were found only in the cytoplasmic fraction of cell extracts that contained transcripts of tRNA-dsRNA (Fig. 4A, lane 2) . These results are in accord with the report that synthesized siRNAs with one mismatched base pair in the middle of the siRNA was reduced in ef®ciency of cleavage of a target RNA in an assay of RNAi in vitro with lysates of D.melanogaster (55) . We con®rmed that the siRNA generated from the tRNA-dsRNA formed a mismatched base pair with normal k-ras mRNA in the middle of the siRNA by sequencing analysis (data not shown). We obtained similar results with synthesized siRNAs targeted against the mutant k-ras mRNA ( Fig. 4B; 36) . Thus, our results suggested that degradation of a target mRNA by dsRNA-mediated gene silencing occurs in the cytoplasm and that siRNAs are capable of recognizing one mismatched base pair in a middle position.
Ef®ciency and speci®city of RNAi by tRNA-dsRNA in colon cancer cells
To examine the ef®ciency and speci®city of RNAi by tRNAdsRNA in human colon cancer SW480 cells, we introduced tRNA-dsRNAs and four kinds of U6-dsRNAs expression plasmids into SW480 and HeLa cells. The mutant k-ras gene was expressed in SW480 cells (56) . We used HeLa cells that expressed a normal k-ras gene as controls. We generated stable lines of cells that expressed tRNA-dsRNAs or each U6-dsRNA by selection in the presence of puromycin. We examined levels of K-Ras protein in cells that expressed tRNA-dsRNA or each U6-dsRNA by western blotting with K-Ras-speci®c antibodies. For quantitation, intensities of bands were analyzed by densitometry using the NIH Image Analysis. As shown in Figure 5 , the level of K-Ras protein in SW480 cells that expressed tRNA-dsRNA, mU6-dsRNA (Loop 2) or hU6-dsRNA (Loop 2) was signi®cantly lower than that in wild-type SW480 cells, whereas the level of K-Ras protein in SW480 cells that expressed mU6-dsRNA (Loop 1) or hU6-dsRNA (Loop 1) was reduced only slightly compared with that in wild-type SW480 cells. The level of actin, chosen as an endogenous control, remained constant in these cell lines. Moreover, in HeLa cells that expressed tRNA-dsRNA, the level of K-Ras protein was similar to that in wild-type cells and in cells that expressed respective U6-dsRNA. These results demonstrated clearly both the ef®ciency and speci®city of the tRNA-dsRNA in human cancer cells.
To examine the phenotype of cells that expressed tRNAdsRNA, we analyzed the rates of proliferation of various lines of cells. As shown in Figure 6 , SW480 cells that expressed tRNA-dsRNA proliferated signi®cantly more slowly than wild-type SW480 cells. In contrast, the rate of proliferation in HeLa cells that expressed tRNA-dsRNA was the same as that of wild-type SW480 cells. These results indicated that the reduced rate of proliferation of SW480 cells that expressed tRNA-dsRNA was correlated with the reduction in the level of K-Ras protein in the cells. Thus, our tRNA-dsRNA targeted to the mutant k-ras gene appears to have potential utility as a therapeutic agent.
DISCUSSION
The discovery that dsRNA could induce gene silencing in animals and plants has raised the possibility that RNAi might be a nearly universal mechanism of gene silencing. An outline of the processes involoved in RNAi and several components have been identi®ed in C.elegans, D.melanogaster and plants, but details of the mechanism and many of the necessary participants in RNAi in mammalian cells remain unclear. In this study, to clarify the relationship between the localization and the target speci®city of RNAi in mammalian cells, we constructed two kinds of dsRNA expression plasmid, namely, tRNA-dsRNA and U6-dsRNA expression plasmids. We demonstrated that tRNA-dsRNA which was localized in the cytoplasm was ef®ciently processed by the RNase III complex. An initial step in RNAi is the cleavage by Dicer, which is localized in the cytoplasm (20) , of long dsRNAs. Although short dsRNAs are cleaved less effectively by Dicer in vitro (16, 17) , our tRNA-dsRNA was processed with signi®cant ef®ciency in mammalian cells (Fig. 2) . In addition, U6-dsRNAs that had a microRNA-based loop motif were transported to the cytoplasm and were processed. Although transcripts from the U6 promoter are generally localized in the nucleus, the microRNA-loop motif promotes the transport of dsRNAs to the cytoplasm. Thus, cytoplasmic localization of dsRNAs is important for processing by Dicer.
The degradation step of mRNA is a very interesting aspect of RNAi-mediated gene silencing. Although two groups proposed that an RNA-directed RNA polymerase (RdRP) chain reaction with siRNA ampli®es the interference caused by a small amount of`trigger' dsRNA in C.elegans (57), the mechanism is unclear in mammalian cells because an RdRP homolog does not exist in mammalian cells and siRNAs function as guides, not primers, in the Drosophila and human RNAi pathways (58) . In this study, we demonstrated that a cytoplasmic fraction from cells which expressed tRNAdsRNA had mRNA degradation activity (Fig. 4A) . In addition, synthetic siRNAs mixed with the cytoplasmic fraction also had mRNA degradation activity ( Fig. 4B; 36) . Moreover, it was recently reported that the level of HIV RRE-containing mRNA in the nucleus was not affected by siRNAs (59) . Thus, it is likely that a siRNA-associated silencing complex (SASC) including Dicer or -Slicer-is localized in the cytoplasm of mammalian cells.
RNAi has been shown to be a powerful tool for studies of gene function in C.elegans, D.melanogaster and plants. However, in mammalian cells, a long dsRNA causes the non-speci®c reduction in expression of many genes. Thus, it was believed initially that RNAi could not be used for gene inactivation in mammalian cells. However, Tuschle's group demonstrated that siRNA could speci®cally suppress the expression of a target gene speci®cally (24) . Exploitation of RNAi in mammalian cells requires evasion of non-speci®c reduction of mRNAs. In addition, since the putative SASC is located in the cytoplasm, it is important that dsRNA Figure 6 . Effect of proliferation of cells by tRNA-dsRNA. Rates of proliferation of cells that expressed tRNA-dsRNA. Rates of proliferation were determined as described in the text. Values are means TSD of results from three replicates in each case. SW480 cells that expressed tRNA-dsRNA proliferated signi®cantly more slowly than wild-type SW480 cells. In contrast, the rate of proliferation in HeLa cells that expressed tRNA-dsRNA was the same as that of wild-type SW480 cells. transcripts be localized in the cytoplasm. If properly designed, tRNA-dsRNAs (with a short hairpin structure) can be transported to the cytoplasm and can escape the non-speci®c reduction of mRNAs. Indeed, we found that PKR was not activated in cells that expressed tRNA-dsRNA (data not shown).
Although our U6-dsRNA with a general loop motif that consisted of ®ve nucleotides was not transported to the cytoplasm and we could detect only marginal RNAi by our U6-dsRNA (Figs 2 and 5) , transcripts of U6-dsRNAs (Loop 2) that had a microRNA-based loop motif were transported to the cytoplasm and were processed by Dicer (Fig. 2) . In addition, they induced RNAi-mediated gene silencing (Fig. 5) .
When alternative conditions were used, other U6-dsRNAs prepared by several independent groups (length of dsRNA and the size and the sequence of the hairpin-loop in these constructs were different from those of our U6-dsRNA) could support RNAi in mammalian cells (25±30). In one case, a microRNA motif was used as the loop motif of dsRNA and the ef®cacy could have been enhanced by a microRNA pathway (32) . Thus, the length and the nucleotide sequence of the loop in hairpin types of dsRNAs are important for construction of effective hairpin types of dsRNAs. Now we are examining effects of both different length and structure of the loop on the localization and RNAi-mediated gene silencing by hairpin types of dsRNAs in detail.
Taken together, our results indicate that RNAi in mammalian cells occurs in the cytoplasm and is very speci®c in mammalian cells. Our tRNA-dsRNAs should be powerful tools for studies of the mechanism of RNAi and the functions of speci®c genes in mammalian cells, and they might also be useful as therapeutic agents.
